Abstract Whole brain event-related functional magnetic resonance imaging (fMRI) techniques were employed to elucidate the cerebral sites involved in processing rare target and novel visual stimuli during an oddball discrimination task. The analyses of the hemodynamic response to the visual target stimuli revealed a distributed network of neural sources in anterior and posterior cingulate, inferior and middle frontal gyrus, bilateral parietal lobules, anterior superior temporal gyrus, amygdala, and thalamus. The analyses of the hemodynamic response for the visual novel stimuli revealed an extensive network of neural activations in occipital lobes and posterior temporal lobes, bilateral parietal lobules, and lateral frontal cortex. The hemodynamic response associated with processing target and novel stimuli in the visual modality were also compared with data from an analogous study in the auditory modality . Similar patterns of activation were observed for target and novel stimuli in both modalities, but there were some significant differences. The results support the hypothesis that target detection and novelty processing are associated with neural activation in widespread neural areas, suggesting that the brain seems to adopt a strategy of activating many potentially useful brain regions despite the low probability that these brain regions are necessary for task performance.
Attention to visual stimuli engages a distributed network of cerebral areas, including sites in frontal, parietal, and cingulate cortex (Mesulam, 1990 (Mesulam, , 1994 . Studies of event-related potentials (ERPs) elicited by infrequent task-relevant stimuli and by infrequent task-irrelevant novel stimuli provide information about the temporal and spatial variation of cerebral activity during processing of visual stimuli (Gonzalez et al., 1994; Knight, 1997; Halgren et al., 1998) . Although there are differences in the potentials elicited by these two types of stimuli, both elicit negative potentials designated N1 and N2 (at approximately 170 ms and 240 ms after stimulus presentation, respectively), and also a strong positive potential designated P3, in the period 300 to 500 ms poststimulus (Gonzalez et al., 1994; Knight, 1997; Halgren et al., 1998) .
The N1 and N2 elicited by visual stimuli are maximal over extrastriate visual cortex, but lesions of frontal cortex, parietal cortex, or temporal cortex reduce the amplitude recorded over extrastriate cortex, indicating that processing in extrastriate areas in the period 150-250 ms is modulated by processing in both anterior and posterior association cortex (Knight, 1997) . The scalp distribution of the P3 differs between low probability task-relevant and low probability task-irrelevant stimuli, indicating engagement of differing cerebral locations. The P3 elicited by novel task-irrelevant stimuli, (designated P3a) is maximal over fronto-central sites (Gonzalez et al., 1994; Knight, 1997) . The P3 elicited by task-relevant stimuli (designated P3b) is maximal over parietal cortex. Lesions of prefrontal cortex, temporo-parietal cortex or lateral parietal cortex reduce the amplitude of the P3a but have less effect on the amplitude of the P3b (Knight, 1997) .
These differential scalp topographies and lesion effects suggest that the P3a and P3b are generated in separate neuroanatomical locations and may underlie different aspects of cognitive processing. It has been suggested that the P3b is related to processes involved with developing a representation in short-term memory (Donchin & Coles, 1988) . The P3a, on the other hand, is believed to be related to initial signal evaluation and attentional allocation. More recently, Katayama and Polich (1998) showed that the P3a is contextually dependent, such that it is maximal when the target-standard discrimination is difficult and the nontarget eliciting stimulus is strikingly different from the standard and target stimuli. They argued that this manipulation produced a context in which the nontarget stimulus elicited strong focal attentional processes which is an environment similar to that which is elicited by highly novel stimuli, such as those employed in the present study (see also Alexander et al., 1995) .
Halgren and colleagues (Baudena et al., 1995; Halgren et al., 1995a,b) employed intracerebral electrodes to record electrical activity elicited by rare, novel, task-irrelevant stimuli, and also by rare task-relevant stimuli, in both the auditory and visual modality. They observed that these various types of stimuli elicited activity in three distinguishable spatio-temporal patterns: 1) A sharp triphasic waveform with peaks at approximately 210, 280 and 390 ms. This waveform was most clearly discernible at a set of sites including dorsolateral prefrontal cortex, supramarginal gyrus in the inferior parietal lobe, and an extensive region of paralimbic cortex extending from anterior to posterior cingulate cortex. This pattern of activity was elicited by either rare, novel task-irrelevant stimuli or by rare, task-relevant stimuli. Halgren et al. (1998) proposed that it reflects the process of orientation of attention to a rare stimulus, irrespective of whether or not a response is required. Furthermore, they propose that this pattern of activity is associated with the scalp P3a component. 2) A broad, monophasic waveform, peaking around 380 ms after stimulus presentation, detectable in posterior superior parietal lobule; ventrolateral prefrontal cortex, and medial temporal lobe including hippocampus and perirhinal cortex. This pattern of activity was elicited by task-relevant stimuli. Halgren et al. (1998) proposed that it reflects processes involved in cognitive, contextual integration. They propose that this pattern of activity is associated with the scalp P3b component. 3) Rare auditory stimuli, but not visual stimuli, elicited a positivity peaking around 150 ms in the posterior superior temporal gyrus.
Scalp potentials provide imprecise information about the location of neural activity, and the invasiveness of inserting intracerebral electrodes limits the use of this procedure. Functional magnetic resonance imaging (fMRI) allows non-invasive investigation of the entire brain. The temporal resolution of fMRI is much lower than that of electrophysiological techniques, but by virtue of its high spatial resolution, fMRI data complements electrophysiological data. Early fMRI studies revealed frontal and parietal cortical activity during processing of infrequent task-relevant visual stimuli (McCarthy et al., 1997) . A more recent fMRI study by Clark et al. (2000) revealed that task-relevant stimuli engage a multitude of sites including bilateral superior, inferior and medial frontal gyri, right middle frontal gyrus, bilateral inferior parietal cortex, bilateral superior temporal and left middle temporal gyri, cingulate and insular cortex, thalamus and bilateral cerebellum. On account of the poor temporal resolution of fMRI, it is not possible to determine which of these sites contribute specifically to the N1, N2, or P3b electrical components. While there is a substantial overlap between sites of activity elicited by task-relevant stimuli reported by Clark et al. (2000) and the sites at which Halgren et al. (1995a Halgren et al. ( ,b, 1998 ) observed timelocked activity using intracerebral electrodes, there are also differences. For example, Clark et al. observed a quite extensive activation elicited by visual stimuli in left superior temporal gyrus, whereas Halgren et al. (1995a) , reported activity in this vicinity for auditory, but not visual stimuli. Clark et al. (2000) also measured activity during processing of repeated low-probability, task-irrelevant visual stimuli, but not rare, novel, task-irrelevant stimuli. The repeated, low-probability stimuli produced activation at diverse sites including bilateral anterior cingulate and inferior, medial and superior frontal gyri and inferior parietal lobule. There are few data from fMRI studies regarding the processing of novel task-irrelevant visual stimuli. In an fMRI study that examined only frontal cortex, Kirino et al. (2000) reported much less activation associated with novel task-irrelevant stimuli than with task-relevant stimuli. The relative absence of frontal activation observed by Kirino et al. (2000) is perhaps surprising in light of the evidence from both scalp ERP recordings (Knight, 1997) and intracerebral electrodes recordings that rare, novel, task-irrelevant stimuli elicit frontal activity (Baudena et al., 1995) .
Several fMRI studies have examined cerebral activity associated with rare, task-relevant stimuli or novel taskirrelevant stimuli in the auditory modality. Early fMRI studies of infrequent task-relevant auditory stimuli (Menon et al., 1997) revealed activity in the inferior parietal lobe, thalamus, and anterior cingulate. More recently, Kiehl et al. (2001) reported that processing of rare task-relevant stimuli was associated with activation bilaterally in inferior frontal gyrus, right lateral frontal cortex, bilateral superior temporal gyrus, bilateral inferior and superior parietal lobules, anterior cingulate, and amygdala. Kiehl et al. (2001) also reported that rare novel auditory stimuli elicited activation bilaterally in lateral frontal cortex, insula, inferior parietal lobule, anterior cingulate cortex, and in the inferior, middle, and superior temporal gyri. These findings for both task-relevant and for novel, task-irrelevant auditory stimuli are in close accord with prediction based on the synthesis of data from the intracerebral electrodes studies by Halgren and colleagues (Halgren et al., 1995a,b; Baudena et al., 1995) .
Overall, the findings from fMRI studies of both visual and auditory rare task-relevant and task-irrelevant stimuli are supportive of the observations by Halgren and colleagues (Halgren et al., 1995a,b; Baudena et al., 1995) . However, there are several discrepancies that warrant further investigation. These are: 1) Using fMRI, Clark et al. (2000) observed strong activation of posterior superior temporal gyrus by visual task-relevant stimuli, whereas Halgren et al. (1995a) observed stimulus-locked electrical activity in this area for auditory but not visual stimuli. 2) Using fMRI, Kirino et al. (2000) failed to demonstrate substantial activation of frontal cortex by rare, novel, task-irrelevant visual stimuli.
Hitherto, no fMRI studies have directly compared the activity during visual stimuli with that during auditory stimuli. This paper reports a "whole brain" fMRI study of cerebral activity associated with processing infrequent, task-relevant visual stimuli and novel, task-irrelevant visual stimuli, and compares the findings with those from the companion study ) of cerebral activity measured during processing of auditory stimuli, using an experimental procedure that was identical (apart from stimulus characteristics) in both studies. Based on Halgren's observations employing intracerebral electrodes, the following hypotheses were tested: 1) Both rare novel and rare task-relevant stimuli in either visual or auditory modality will elicit activity in the areas that Halgren proposes are engaged during orientation to rare stimuli in either visual or auditory modality. These areas include inferior parietal lobule, dorsolateral prefrontal cortex, and the anterior and posterior cingulate cortex. 2) In addition, rare, task-relevant stimuli in either visual or auditory modality, but not novel, task-irrelevant stimuli, will elicit activity in the areas that Halgren proposes are engaged in cognitive, contextual integration. These areas include ventrolateral prefrontal cortex, superior parietal lobule, hippocampus, and antero-medial temporal lobe. 3) Rare auditory stimuli, but not visual stimuli, will produce activation in posterior superior temporal gyrus.
Methods

Participants
Ten healthy right-handed participants with normal or corrected-to-normal vision (5 men and 5 women, mean age 25.4 years) participated in the study. Participants provided written informed consent and were screened for MRI compatibility. All procedures met with university and hospital ethical approval.
Task
Two runs of 244 stimuli were presented to each participant by a computer-controlled projection system that delivered a visual stimulus to a rear-projection screen located at the entrance to the magnet bore. The participant viewed this screen through a system of mirrors attached to the top of the head coil. The distance between the participant's eyes and the screen was approximately 6 feet (approx. 2 m). The scanning room and magnet bore were darkened to allow easy visualization of the experimental stimuli.
The target stimulus was a small white box (31 × 31 cm), novel stimuli consisted of nonrepeating colored geometric shapes (e. g., red triangle, blue hexagon), of approximately the same size as the nontarget stimuli, and the nontarget stimulus was a large white box (62 × 62 cm). This procedure is similar to that used in ERP recordings by Alexander et al. (1995;  see also Kiehl et al., 1999) . The target and novel stimuli each occurred with a probability of .125; the nontarget stimuli occurred with a probability of .75. The stimuli were each presented for 250 ms with a 2000 ms interstimulus interval. Target and novel stimuli were always preceded by at least 3 nontarget stimuli (range 3-5). The intervals between stimuli of interest were allocated in a pseudo-random manner in the range 6-10 s so as to ensure that these stimuli had equal probability of occurring at 0, 1, and 2 s after the beginning of a 3 s image acquisition period. As a result, the hemodynamic response to each type of stimulus of interest was sampled uniformly at 1 s intervals. We expected that the hemodynamic response from the preceding event of interest would still be discernible at the time of each new stimulus of interest; but this overlap was taken into account by fitting the observed hemodynamic response to a hypothetical hemodynamic response that modeled the entire series of events (see Figures 1 and  2 ). The rate of stimulus presentation is similar to that typically employed in analogous ERP studies.
Participants were instructed to respond as quickly and accurately as possible with their right index finger every time the small white box was presented, and not to respond when the large white box or the novel stimuli was presented. A commercially available MRI-compatible fiber-optic response device (Lightwave Medical, Vancouver, B. C., Canada) was used to acquire behavioral responses. Reaction times were computed on trials for which the participant responded correctly within 1200 ms poststimulus. Errors included incorrect responses within 1200 ms poststimulus or any response with a latency of greater than 1200 ms following the onset of the target stimulus. Prior to entry into the scanning room, each participant performed a practice block of 10 trials to ensure understanding of the instructions. A custom visual and auditory presentation package (VAPP: http://nilab.psychiatry.ubc.ca/vapp) was used to precise- ly couple the presentation of the stimuli with the acquisition of the MR scanner.
Imaging
Imaging was implemented on a standard clinical GE 1.5 T whole-body system fitted with a Horizon echospeed upgrade. The participant's head was firmly secured using a custom head holder and positioned approximately parallel to the anterior commissure -posterior commissure (AC-PC) line using external references. Conventional spin-echo T 1 -weighted sagittal localizers were acquired to confirm external landmarking. Functional image volumes were collected with a gradientecho sequence (TR/TE 3000/40 ms, flip angle 90°, FOV 24 × 24 cm, 64 × 64 matrix, 62.5 kHz bandwidth, 3.75 by 3.75 mm in plane resolution, 5 mm slice thickness, 29 slices) effectively covering the entire brain (145 mm). The two stimulus runs consisted of 167 time points. Each run was prefaced by a 12 s rest session during which images were collected to allow for T 1 effects to stabilize. These images were not included in any subsequent analyses.
Image Processing
Functional images were reconstructed offline, and the two runs were separately realigned and corrected for Table 1 Summary of the significant areas of activation associated with processing of rare task-relevant visual target stimuli. Probability levels associated with the z-scores are: 7.29, P ≤ .00000001; 6.96, P ≤ .0000001; 6.61, P ≤ .000001; 6.22, P ≤ .00001; 5.82, P ≤ .0001; 5.38, P ≤ .001; 4.90, P ≤ .01; and 4.52, P ≤ .05. These probability levels are corrected for multiple comparisons (Worsley & Friston, 1995 motion using the procedure developed by Friston et al. (1996) as implemented in Statistical Parametric Mapping (SPM99). Translation and rotation corrections did not exceed 1.5 mm and 1.5°, respectively, for any of the participants. A mean functional image volume was constructed for each run for each participant from the realigned image volumes. This mean image volume was then used to determine parameters for spatial normalization into the modified Talairach space employed in SPM99 using both affine and nonlinear components . These parameters were then applied to the corresponding functional image volumes for each participant. During the latter procedure, the normalized images were resampled into isotropic 4 mm voxels. The normalized functional images were then smoothed with an 8 mm full width at half-maximum Gaussian filter. Event-related responses to the target and novel stimuli were modeled using a synthetic hemodynamic response function composed of two gamma functions and their respective temporal derivatives (see Josephs et al., 1997, for mathematical model, and Friston et al., 1998a , for illustration). The first gamma function modeled the Table 2 Summary of the significant areas of activation associated with processing of rare task-irrelevant visual novel stimuli. Probability levels associated with the z-scores are: 7.29, P ≤ .00000001; 6.96, P ≤ .0000001; 6.61, P ≤ .000001; 6.22, P ≤ .00001; 5.82, P ≤ .0001; 5.38, P ≤ .001; 4.90, P ≤ .01; and 4.52, P ≤ .05. These probability levels are corrected for multiple comparisons (Worsley and Friston, 1995 hemodynamic response using a peak latency of 6 s. The second gamma function was used to model the small "overshoot" of the hemodynamic response on recovery (Josephs et al., 1997) . Variations in peak latency of the hemodynamic response were adjusted using the respective temporal derivatives of the two gamma functions.
These gamma functions have been shown to provide both reasonable and comprehensive models of the hemodynamic response (Boynton et al., 1996; Friston et al., 1994 ). An illustration of the modeled responses is shown in Figures 1 and 2 . Because nontarget stimuli were presented at the rate of once every 2 s with the object of maintaining a sustained hemodynamic response that did not vary substantially throughout the task, the response to the nontarget stimuli was treated as the baseline and therefore not included in the model. A high-pass filter (cutoff period 89 s) was incorporated into the model to remove noise associated with low frequency confounds (e. g., respiratory artifact). A low-pass filter at the Nyquist frequency (period of 6 s) was employed to remove noise associated with alternations of the applied radio frequency field. All images were normalized to a mean of 100 (arbitrary units) for each run to compensate for any intensity variations across sessions. An adjusted proportional scaling routine was employed to correct for global intensity difference between image volumes (Desjardins, Kiehl, & Liddle, 2001 ).
Comparisons were then made between the amplitude of the modeled response for target and novel stimuli compared to the nontarget baseline using t-tests at each voxel. Comparisons were also made between the amplitude of the hemodynamic response for visual target stimuli versus visual novel stimuli and for visual novel stimuli versus visual target stimuli. In addition, data from an analogous auditory oddball study were included in the model to allow direct comparisons between visual target and novel stimuli with the auditory target and novel stimuli ). In the auditory study, repeated nontarget stimuli were 1000 Hz tones, target stimuli were 1500 Hz tones, and novel stimuli were nonrepeated digital sounds. Apart from the differences in stimuli, the experimental procedure was the same for the auditory and visual studies. Further details of the auditory study are reported in the companion paper ).
The resulting SPM{t}s were then transformed into a SPM{Z}s using a probability integral transformation. A correction for multiple comparisons based on the theory of Gaussian fields was employed (Worsley, 1994; Worsley & Friston, 1995) . Reported significance levels are at the voxel level (Worsley and Friston, 1995) and were all greater than P < .05 corrected for multiple comparisons unless otherwise noted. Note that the procedure employed for modeling the hemodynamic response makes a number of assumptions regarding the hemodynamic response. The procedure assumes that the events of interest must occur repeatedly and must elicit stereotyped and reproducible responses. The model also assumed linear hemodynamic response functions. Research suggests the hemodynamic response may be composed of some nonlinear components (Friston et al., 1998b; . These nonlinear components appear to be most prominent during studies employing short interstimulus intervals (e. g., less that 1 s). However, in the present experiment targets and novel stimuli were spaced 6-10 s apart, thus decreasing the likelihood that nonlinearities may have affected the data. Nevertheless, the validity of our conclusions depends upon the correctness of the SPM model of the hemodynamic response. More details on these issues can be found in Buckner (1998) , Friston et al. (1999) , and Rosen et al. (1998) .
Results
Behavioral Data
Participants completed the task with near perfect performance. The mean reaction time and percentage of correct hits was 408 ms (SD 49.23) and 99.4% (SD .97), respectively. False alarms to novel and nontarget stimuli were relatively rare (novel, 1.25% of trials (SD .7); nontargets, 0.61% of trials (SD .28)).
Imaging Data
Comparison of Visual Target Stimuli Versus Baseline
In accordance with specific predictions, analyses of cerebral response to visual target stimuli revealed activation in inferior and middle/superior frontal gyrus, anterior and posterior cingulate, inferior and superior parietal lobule, bilateral anterior superior temporal gyrus, and amygdala. In addition, activation was observed in the thalamus, and in left postcentral and precentral gyrus, medial frontal gyrus (supplementary motor area), and right cerebellum, consistent with the fact that the target stimuli required a button response using the right index finger. Activation was also observed in posterior temporal lobe, in the inferior, middle, and superior temporal gyri, bilaterally; the middle occipital gyrus bilaterally; and the precuneus bilaterally. These data are illustrated in Figures 1 and 3 . The neuroanatomical locations of the peak activation are listed in Table 1 .
Comparison of Visual Novel Stimuli Versus Baseline
Consistent with the prediction of activation in dorsolateral prefrontal cortex and inferior parietal lobule, the visual novel stimuli elicited activation bilaterally in middle frontal gyrus and adjacent inferior frontal gyrus, and in the inferior parietal lobule. Contrary to prediction, there was no significant activation in cingulate cortex, though there was significant activation in medial frontal gyrus, extending to the dorsal bank of the cingulate sulcus. Novel visual stimuli also elicited extensive activation bilaterally in the occipital lobes extending superiorly into the posterior parietal lobes and laterally into the temporal lobes and parahippocampal formation. These data are illustrated, and the neuroanatomical sites of activation reported, in Figure 4 and Table 2, respectively. Figure 3 . Voxels with activation significant at the level P < .05, corrected for multiple comparisons, are shown.
Comparison of Visual Target with Visual Novel Stimuli
At the majority of sites where visual target stimuli elicited activity that was significantly increased relative to the repeated nontarget stimulus baseline, the activation elicited by visual target stimuli also exceeded that elicited by visual novel stimuli. In particular, greater activation for visual target stimuli than for the visual novel stimuli was observed in bilateral inferior and middle frontal gyrus, anterior and posterior cingulate, bilateral inferior and superior parietal lobules, bilateral parahippocampal gyrus, bilateral superior temporal gyrus, thalamus, and caudate. These data are illustrated in Figure 5 , and the anatomical locations are listed in Table 3 .
Conversely, visual novel stimuli elicited greater activation than visual target stimuli at several sites in occipital and parietal cortices. In particular, comparison of visual novel with visual target stimuli indicated that greater activity was associated with processing novel stimuli than target stimuli in bilateral inferior (40, -72, -8, z-score 7.32; -36, -80, -12 , z-score 4.59), middle (28, -88, 4, z-score 9.39; -36, -92, 8, z-score 7.86), and superior (28, -80, 32, z-score 6.80; -32, -80, 28, z-score 4.80) occipital gyrus, cuneus (28, -80, 28, z-score 7.30; -28, -84, 28, z-score 5.29) and superior parietal lobule (24, -72, 44, z-score 5.64; -28, -72, 48, z-score 4.68).
Comparison of Visual Target Versus Auditory Target Stimuli
There were many similarities between the pattern of activation for visual targets (Table 1) and that for auditory targets reported in the companion paper . In particular, auditory targets elicited significant activation in the vicinity of all sites that were activated by visual stimuli except the middle and inferior occipital gyrus bilaterally, and fusiform gyrus, bilaterally. Nonetheless, in some of the regions activated by both types of target stimuli, there were significant differences in the magnitude or extent of activation. Figure 6 illustrates the direct comparison of the activations produced by the two stimulus types revealing that auditory target stimuli produced greater activation than visual target stimuli in left superior frontal gyrus (-16, 52, 40, z-score 5.06), right superior/middle frontal gyrus (20, 56, 28, z-score 5.17) , left postcentral gyrus (-20, -40, 68 , z-score 5.58), bilateral superior and middle temporal gyrus (-60, 0, -12, z-score 8.74; 56, -46, -16 , z-score 7.58), thalamus (-8, -28, 4 , z-score 5.14), and cerebellum (-16, -80, -24, z-score 7.51; 16, -76, -24, z-score, 6.27 ). Conversely, visual targets elicited significantly greater activation in the frontal eye fields on left (-4, 8, 52 , z-score 6.30) and right (4, 8, 56, z-score 6.97) , and also in the left superior parietal cortex (-44, -24, 48, z-score 5.82 ).
Comparison of Visual Novel with Auditory Novel Stimuli
There was much similarity between the pattern of activation for visual novel stimuli (Table 2 ) and for auditory novel stimuli reported in the companion paper ). In accordance with prediction, both types of stimuli elicited activation in middle/inferior frontal gyrus bilaterally and in inferior parietal lobule bilaterally. Also, auditory novel stimuli elicited significant activation in anterior cingulate cortex, in accord with prediction, whereas visual stimuli did not elicit significant activation in this area.
Despite the similarities between the patterns of activation in the two modalities, in many of the anterior areas, activation was greater in the auditory modality, whereas the visual stimuli elicited greater activation in posterior areas. Direct comparisons revealed greater activity associated with processing of auditory stimuli than visual novel stimuli in the bilateral lateral frontal cortex (-56, 24, 20, z-score 5.09; 44, 36, 16, z-score 7.15 ) and middle frontal gyrus (40, 12, 40, z-score 6.45). Similar effects were observed in bilateral superior temporal gyrus (-52, 16, -20, z-score 5.01; 48, 16, -20 , z-score 6.14), middle temporal gyrus (-64, -28, -12 , z-score 6.00; 64, -24, -12, z-score 10.00), inferior parietal cortex (-64, -44, 24, z-score 5.00; 56, -52, 40, z-score 4.92), cuneus (-12, -80, 8, z-score 5.39; 8, -76, 12 , z-score 5.63), thalamus (12, -8, 16 , z-score 6.32) and cerebellum (-20, -80, -28, z-score 5.51; 16, -84, -32, z-score 5.33) . These effects are illustrated in Figure 7 .
Conversely, greater activation associated with visual than with auditory novel stimuli was observed in bilateral occipital-temporal junction and parietal cortex. Specifically, in the occipital lobes greater activation was observed for visual than for auditory novel stimuli in the left (-40, -88, -12, z-score 7.04 ) and right (-40, -72, -12, z-score 10.43) inferior/middle occipital gyrus, left (-32, -92, 12, z-score 6.52) and right (28, -88, 12, z-score 7.19 ) middle/superior occipital gyrus, cuneus (-28, -84, 20, z-score 5.27; 28, -80, 28, z-score 5.95) ; and fusiform gyrus (-32, -68, -16, z-score 5.29; 32, -68, -16 , z-score 6.00). Similar results were observed in the temporal lobes (left middle temporal gyrus, -48, -68, 0, z-score 5.25; right middle temporal gyrus, 48, -68, 0, z-score 5.31), parietal cortex (inferior parietal lobule : -44, -50, 52, z-score 4.73; 32, -52, 56, z-score 4.62; precuneus: -20, -76, 48, z-score 5.02; 28, -76, 32, z-score 5.40) , and cerebellum (-32, -48, -24, z-score 6.42; 32, -48, -24, z-score 9.19) . These effects are illustrated in Figure 8 .
Discussion
Rare target stimuli in both the visual and auditory modalities elicited activity in a distributed array of sites embracing bilateral inferior frontal lobe; bilateral dorsolateral frontal cortex; anterior and posterior cingulate cortex, bilateral anterior and medial aspects of the temporal lobe, including the amygdala; bilateral posterior aspects of the inferior, middle and superior temporal lobes, and bilateral superior and inferior parietal lobe. Rare, novel, task-irrelevant stimuli elicited activity at a subset of these sites, including dorsolateral prefrontal cortex, inferior parietal lobule, and cingulate cortex, though it should be noted that significant activation in the cingulate cortex was observed only in the auditory modality.
These observations provide strong support for the proposal of Halgren et al. (1998) that the sites activated by rare task-relevant stimuli belong to two distinguishable networks: one, which includes dorsolateral prefrontal cortex, inferior parietal lobule and cingulate cortex, that is concerned with orientation toward rare stimuli; and the other, which includes ventrolateral frontal cortex, superior parietal cortex and antero-medial temporal lobe, that is concerned with cognitive, contextual integration. In accord with Halgren's proposal, the network concerned with orientation toward rare stimuli, is also engaged by rare, novel, task-irrelevant stimuli. However, our fMRI data demonstrate that this network is engaged more strongly by task-relevant stimuli than by task-irrelevant stimuli. Thus, it appears that the degree of engagement of this circuit is not dependent on rarity alone, as proposed by Halgren et al., but also by task demands.
The evidence from this study indicating that the network embracing dorsolateral prefrontal cortex, inferior parietal lobe and cingulate cortex is less engaged by novel visual stimuli than by target visual stimuli is consistent with the observation by Kirino et al. (2000) that novel visual stimuli produce less activation of frontal cortex than target visual stimuli. However, these data present an apparent paradox in light of the evidence that lesions of lateral frontal cortex and of temporo-parietal cortex or lateral parietal cortex reduce the amplitude of the P3a ERP component but have less effect on the amplitude of the P3b component (Knight, 1984 (Knight, , 1996 (Knight, , 1997 Knight & Scabini, 1998) . However, there is no paradox if it is assumed that activity in the various cortical locations engaged during processing of either novel stimuli or target stimuli involves parallel rather than sequential transmission of information. Because target stimuli elicit activity in a more extensive array of sites than novel stimuli, decrease in cortical activity resulting from a focal lesion in lateral frontal or parietal cortex would be relatively less during processing of target stimuli than during processing of novel stimuli, even though the lesion might be in an area that is normally more strongly engaged during processing of target stimuli. Halgren et al. (1998) reported that rare, task-relevant stimuli in the auditory modality, but not the visual modality, elicit activity in the superior temporal plane. This observation, derived from intracerebral electrodes, is partially supported by the present fMRI data. Comparison of activation elicited by auditory target stimuli with that elicited by visual target stimuli, revealed greater activation in the posterior aspect of the middle temporal gyrus, in a region that extended into the superior temporal sulcus. However, contrary to the prediction based on the intracerebral electrode data, the fMRI data showed strong activation in posterior superior temporal gyrus for target stimuli in both the visual and auditory modality. The observation of strong activation of the superior temporal gyrus by visual target stimuli is consistent with the findings of the fMRI study by Clark et al. (2000) .
Comparison of Visual and Auditory Modalities
The comparison of activation elicited by visual stimuli with that elicited by auditory stimuli indicated that many areas of activation, especially those in frontal cortex, parietal cortex and medial temporal lobe, are common to both types of stimuli. However, it is noteworthy that the novel auditory stimuli elicited stronger responses than the novel visual stimuli in the network embracing dorsolateral frontal cortex, inferior parietal lobule and cingulate cortex which Halgren et al. (1998) proposed was concerned with orientation to rare stimuli. Thus, in the present study, the novel visual stimuli appear to have engaged attention less than the novel auditory stimuli. This might be a characteristic of the particular stimuli used in our study. Nonetheless, it is noteworthy that Halgren et al. (1998) similarly reported that this network was engaged more easily by auditory than visual stimuli.
As might be expected, visual stimuli elicited, in general, greater activation than auditory stimuli in posterior brain regions. Furthermore, novel visual stimuli elicited more extensive activation than target visual stimuli in bilateral occipital lobes, posterior parietal cortex, and posterior temporal lobes. In general, these areas have been shown to be involved in object recognition, spatial attention, color, and form processing (Engel et al., 1997; Heinze et al., 1994) , which is consistent with the notion that the novel stimuli (nonrepeating geometric color stimuli) recruited greater visuo-spatial processing resources than did the target or repeated nontarget stimuli.
Motor System Involvement in Oddball Processing
In accord with the fact that the participants responded to the target stimuli by pressing a button, the hemodynamic response to target stimuli in both visual and auditory modalities included activation of primary sensori-motor cortex (precentral and postcentral gyri), supplementary motor cortex (medial frontal cortex), cerebellum, and thalamus. However, supplementary motor cortex, thalamus, and cerebellum were also activated by novel stimuli that did not require a motor response, indicating that the involvement of these cerebral loci cannot be attributed solely to engagement in the execution of motor activity. Supplementary motor cortex and cerebellum are engaged during both go and no-go trials of a go/no-go task , indicating that both of these brain regions are engaged when a decision between responding and nonresponding is required. The various nuclei of the thalamus have reciprocal connections to diverse cortical areas and hence the thalamus might potentially be engaged in many aspects of perceiving, attending to, evaluating and responding to stimuli. The spatial resolution of the data did not permit delineation of activation in discrete thalamic nuclei.
Relationship to Previous Oddball Studies
In general, the findings of this study are consistent with those of other fMRI studies of the processing of visual oddball stimuli. The results confirm the findings of McCarthy et al. (1997) and Clark et al. (2000) , who used event-related functional magnetic resonance imaging to examine the neural response to target stimuli processing during visual oddball tasks. McCarthy et al. (1997) found that target stimuli elicited activation in posterior cingulate, bilateral middle frontal gyrus and inferior parietal lobe. Clark et al. (2000) reported that visual target stimuli evoked activity from a host of cerebral sites, including thalamus, occipital/temporal cortex, bilateral inferior, medial, superior frontal gyri, inferior and superior parietal lobules, superior temporal, precentral, postcentral, cingulate, insular, and left middle temporal and right middle frontal cortex. It is important to note that these similarities occurred despite the fact that the above studies differed from the present study in a number of respects including, stimuli (e. g., letters vs. geometric shapes), MR acquisition parameters (e. g., slice coverage, slice orientation, voxel size, repetition time), image processing techniques (e. g., reconstruction, image realignment), and analysis strategies (e. g., multiple regression, averaging techniques, hemodynamic response functions). Although the results of these studies were similar, they did differ in a few aspects. In particular, in the present experiment processing of rare target visual stimuli activated areas in bilateral amygdala/hippocampal junction. Target stimuli in the auditory modality were also observed to activate the amygdala/hippocampal junction . These findings are consistent with the results of numerous intracranial studies that have shown that reliable time-locked activity is elicited by rare stimuli in the amygdala and hippocampus (Halgren & Marinkovic, 1996; Halgren et al., 1985 Halgren et al., , 1995a Halgren et al., ,b, 1998 . It is important to note, however, that the amygdala/hippocampal activity does not appear to be related to the scalp recorded ERPs elicited by oddball stimuli (Johnson, 1988 (Johnson, , 1989 Johnson & Fedio, 1987; Onofrj et al., 1992; Rugg et al., 1991) .
Theoretical Implications
These data support the hypothesis that target detection and novelty processing are associated with neural activation of multiple, spatially distributed processing systems (Mesulam, 1990 (Mesulam, , 1994 Halgren et al., 1998) . Indeed, Halgren and colleagues have argued, based on intracranial electrical recordings, that the brain seems to adopt a strategy in which all neural areas that may be potentially useful become activated, even if these areas are not required for adequate task performance (Halgren & Marinkovic, 1996; Halgren et al., 1998) . Such a strategy, they have argued, would be potentially advantageous in an evolutionary sense, because organisms that are better able to evaluate and process novel and salient information would have a better survival rate (Halgren & Marinkovic, 1996; Halgren et al., 1998) . This view has important implications for the interpretation of functional imaging analyses. If the brain has evolved to use such a strategy, then interpreting areas of activation associated with specific cognitive events must be qualified by the fact that the region may not be necessary for task performance. Indeed, other researchers have expressed similar points of view (Price et al., 1999) .
Summary
In conclusion, the observed pattern of neural responses to target and novel stimuli support the proposal that multiple distributed brain regions are engaged during the processing of these stimuli. The observed pattern of activation for visual target and novel stimuli is consistent with other event-related fMRI studies and also with studies employing intracranial recordings. To the extent that these data reflect the generators of the scalp recorded ERPs elicited by similar tasks (e. g., N2, P3), these data suggest that the generators of these ERP components include a response from spatially distributed sources.
